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Introduction
Ceramic composites containing mixed ionic-electronic conductivity (MIEC) have received extensive interests due to their attractive prospects in high-temperature electrochemical applications, such as cathodes of solid oxide fuel cells (SOFC), dense inorganic membranes for pure oxygen preparation, and chemical membrane reactors. [1] [2] [3] [4] [5] [6] [7] [8] In addition, since the potential application of MIEC oxygen transport membranes (OTMs) in oxy-fuel combustion can significantly reduce CO2 and toxic NOx emissions in power stations, the environmentally friendly ceramic membrane technology has become a new hotspot for researchers. [9] [10] [11] However, this technology puts forward two basic requirements for ceramic membrane materials: (1) it must possess as high as possible oxygen permeability; (2) it must have an excellent stability in a wide range of oxygen concentration and temperature. [12, 13] It has been previously established that single perovskite OTMs (e.g. Ba0.5Sr0.5Co0.8Fe0.2O3-δ, La0.6Sr0.4Co0.2Fe0.8O3-δ) have high oxygen permeability, but exhibit limited stability under large oxygen chemical potential gradients. [14] [15] [16] [17] [18] To improve stability of single perovskite MIEC OTMs, the researchers replaced the Co of perovskite in the B-site with metal cations with more stable oxidation state such as Al, Zr, and Ti, etc. [19] [20] [21] As an economical and environmentally friendly material, aluminum is especially widely used in the B-site doped perovskite oxides. For example, Holc et al. studied La0.8Sr0.2Fe1-xAlxO3-δ and suggested that La0.8Sr0.2Fe0.7Al0.3O3-δ (LSFA) could be a candidate for intermediate-temperature SOFC in view of LSFA's excellent stability. [20] Jiang et al. reported a novel cobalt-free BaFe0.9Zr0.05Al0.05O3-δ OTM reactor coupled with nitrous oxide decomposition methane and carbon dioxide reforming. [22] It has become an indisputable fact that the doping of Al can improve the structure stability of the perovskite OTMs, but the effect of Al doping on the oxygen permeability of the OTMs is still controversial. Some studies have found that the doping of Al significantly decreased the oxygen permeability, which can be attributed to the fact that the substitution of Al 3+ 
Experiment

Synthesis of powders and membranes
The 60CPO-40PSF1-xAxO powders are prepared by a modified Pechini method. As shown in the Fig. S1 , the corresponding nitrates were sequentially weighed and added into the deionized water according to the stoichiometric ratio of the material. Following, the citric acid monohydrate (C6H8O7·H2O) as a complexing agent and ethylene glycol (CH2OH)2 as a dispersing agent were added to the solution. The obtained solution was heated and stirred using a magnetic stirrer to evaporate water to obtain a gel. Then the gel was dried in an oven at 150 °C and ground to obtain the powder precursor. The asobtained precursor was heated at 600 °C to get rid of the organic components, and then calcined in a furnace at 950 °C for 10 h to obtain the powders of 60CPO-40PSF1-xAxO.
The obtained powders were pressed to ~ 9.5 MPa using a cylindrical stainless steel mold with a radius of 7.5 millimeter to obtain green disks. The black disks are sintered at 1450 °C in air for 5 h with a heating/cooling rate of 1.5 °C/min to obtain the dense 60CPO-40PSF1-xAxO OTMs.
Characterization of membranes
The phase structures of the 60CPO-40PSF1-xAxO powders and membranes were 
Oxygen permeability of membranes
Oxygen permeability of 60CPO-40PSF1-xAxO composite membranes were evaluated by a homemade high-temperature oxygen transmission equipment. [36, 37] The 60CPO-40PSFxA1-xO composite membranes was sealed on a corundum tube with a heatresistant adhesive (Huitian, China) and baked at 140 °C for 10 h, and the lateral direction of the oxygen permeable membrane was also covered with heat-resistant adhesive to avoid the transmission of radial oxygen affecting the final measured value.
The effective working areas of our membranes are around 0.8659 cm 2 . One side of the composite membranes was feed by dry synthetic air which comprising of high purity O2 and N2 with ratio of 21:79. And He or CO2 as a sweeping gas were fed to the other side of the membranes. All inlet gas flows are controlled by the mass flowmeters (Sevenstar, China) and are periodically calibrated using a soap membrane flow meter.
Dry synthetic air (21 % O2 + 79 % N2) with a flow rate of 100 mL min -1 as feed gas; a mixture of He or CO2 (49 mL min -1 ) and Ne (1 mL min -1 ) of internal standard gas as sweeping gas. Analysis of the composites of the gas phase mixture using the gas chromatograph (GC, Agilent-7890B, USA). The oxygen permeation rate of the membrane were calculated by the following formula．
Where CO2 and CN2 represent the oxygen concentration and the nitrogen concentration, respectively and they can be measured by gas chromatograph. 4.02 is the ratio of the leaked nitrogen according to the theory of Kundsen diffusion. There is a small amount of air that diffuses through the high temperature resistant adhesive, which will interfere with our judgment of the true oxygen permeation rate, so we must deduct the oxygen (< 7 %) that is not diffused through the membrane. F is the total flow rate of the exhaust gas of the sweep side. It can be calculated based on the concentration of helium. And S is the effective oxygen permeation working region of the 60CPO-40PSF1-xAxO dualphase membrane sealed on the corundum tube. [38] [39] [40] 
Result and Discussion
The crystal structures of the as-prepared 60CPO-40PSF1-xAxO powders after calcined at 950 °C for 10 h are determined by XRD. As shown in showed that with the increase of aluminum content, the cell parameters of PSF1-xAxO phase increased gradually, while the cell parameters of CPO phase did not change significantly, as shown in Fig. 2 . Smaller unit cell parameters mean that the bond between the B atom in the perovskite and the six coordinating oxygen atoms around it is shorter. And it turns out that Al-O (1.651) has a shorter bond length than Fe-O (1.759), [41] and the bond energy of Al-O is larger, which means that the octahedral structure composed of aluminum atoms and surrounding oxygen atoms is more stable, making the perovskite phase less prone to structural phase change or structural collapse at high temperature or low oxygen partial pressure conditions. However, when x is greater than 0.6, both CPO and PSF1-xAxO phase cell parameters both become larger, which may be attribute to more Al 3+ diffuses to the interstitial site of CPO and the PSFAO with the increase of Al reflecting by more impurities of PrSrAl3O7 showing up with the increase of Al. A similar situation has been reported by Wu. [42] We next inspected the microscopic morphology of the 60CPO-40PSF1-xAxO membranes after high temperature sintering by scanning electron microscope (SEM).
After several attempts at different sintering temperatures, it was finally found that when the sintering temperature was 1475 °C, the surfaces of the obtained composite membranes were dense. As shown in Fig. S3 , there are no pores and cracks or other impurities on the surface of the membranes, and the grain are tightly bound and clearly demarcated. Further, the CPO and PSF1-xAxO phase could be identified by BSEM as shown in Fig. 3 . The gray grain is the perovskite phase (PSF1-xAxO), and the light grain can maintain good oxygen permeability and high temperature-resistant stability even when working in a 1000 °C environment for a long time. As previously analyzed, the doping of Al to the B-position of the perovskite (ABO3) makes the structure of the oxygen octahedron more stable, so that the structure of the PSF1-xAxO phase still has good order in a high temperature environment for a long time.
To further investigate the CO2 stability of 60CPO-40PSF1-xAxO composites, the composites powders were exposed in pure CO2 environment for 24 hours at different temperatures (800 °C, 900 °C and 1000 °C). As shown in Fig. 8 , the XRD patterns of 60CPO-40PSF1-xAxO powder after exposing in the atmosphere of carbon dioxide for 24 hours did not change significantly, indicating that the materials did not react with CO2 to generate corresponding carbonate. However, in some previous reports, the formation of carbonate will destroy the phase structure of the membranes and reduce the oxygen permeability and stability of the membranes. The above results signify that our 60CPO-40PSF1-xAxO membranes exhibit good structure stability even in pure CO2
atmosphere at 800-1000 °C and can avoid this bad situation. In our previous study, 60Ce0.9Pr0.1O2-δ-40Pr0.6Sr0.4Fe0.8Al0.2O3-δ dual phase membrane worked stably for 100
hours with CO2 as the sweep gas at 1000 °C. In summary, the 60CPO-40PSF1-xAxO membrane has excellent CO2-tolerant stability and it has a wide range of potential application prospects.
Conclusions
The Al-containing composites 60wt.%Ce0. showed that the oxygen permeability of 60CPO-40PSF1-xAxO membrane increased with the increase of Al content, but when x was greater than 0.6, the oxygen permeability decreased with the increase of aluminum content. The final stability test shows that the Al-doped composites has good CO2-stable reduction-tolerant and high temperatureresistant, so it has potential application prospects in oxy-fuel combustion based on oxygen permeation membrane.
